The action of nuclear hormone receptors is tripartite, involving the receptor, its ligands, and its coregulator proteins. The estrogen receptor (ER), a member of this superfamily, is a hormone-activated transcription factor that mediates the stimulatory effects of estrogens and the inhibitory effects of antiestrogens such as tamoxifen in breast cancer and other estrogen target cells. To understand how antiestrogens and dominant negative ERs suppress ER activity, we used a dominant negative ER as bait in two-hybrid screening assays from which we isolated a clone from breast cancer cells that potentiates the inhibitory activities of dominant negative ERs and antiestrogen-liganded ER. At higher concentrations, it also represses the transcriptional activity of the estradiol-liganded ER, while having no effect on other nuclear hormone receptors. This clone, denoted REA for ''repressor of estrogen receptor activity,'' encodes a 37-kDa protein that is an ER-selective coregulator. Its competitive reversal of steroid receptor coactivator 1 enhancement of ER activity and its direct interaction with liganded ER suggest that it may play an important role in determining the sensitivity of estrogen target cells, including breast cancer cells, to antiestrogens and estrogens.
The action of nuclear hormone receptors is tripartite, involving the receptor, its ligands, and its coregulator proteins (1) (2) (3) (4) . The estrogen receptor (ER), a member of this receptor superfamily, is a hormone-activated transcription factor that mediates the biological effects of estrogens in breast cancers and in a variety of other target tissues. In these tissues, the ER stimulates the expression of specific estrogen-regulated genes (for reviews, see refs. [5] [6] [7] [8] [9] . Because of the role of estrogens in promoting the growth and progression of breast cancers (5, 6) , there currently is great interest in exploring ways to functionally inactivate the ER, so as to suppress ER-mediated gene expression and cell proliferation. These approaches have involved the use of antiestrogens such as tamoxifen, as well as dominant negative ERs. Antiestrogens compete with estrogens for binding to the ER but fail to activate the ER, and they are used widely in breast cancer treatment (5, 7, 8) . Dominant negative ERs are slightly altered forms of the ER protein that lack transcriptional activity and that suppress the activity of the wild-type ER when they are coexpressed in the same cells (9) (10) (11) (12) .
We previously identified dominant negative ERs altered in the C-terminal, helix 12 region of the ligand-binding domain of the receptor through structure-function mutagenesis analysis (9) . Further studies on the mechanism of action of these dominant negative ERs indicated that their inhibitory effectiveness depended on their heterodimerization with the wildtype ER and implied an active mechanism to support their repression of wild-type ER activity (10, 11) . Thus, we hypothesized that the dominant negative ER might recruit into the dominant negative ER complex a repressive protein. We imagined, as well, that a similar mechanism might be involved in mediating the inhibitory effects of antiestrogens operating through wild-type ER.
Because the activation function 2 (AF-2) region of the ER has been shown to be important in its interaction with other protein factors (2, (13) (14) (15) (16) (17) (18) , and our dominant negative ER was altered by a point mutation in this AF-2 region (L540Q ER), we thought it likely that the dominant negative ER might be suppressing wild-type ER action by recruiting repressor factors to this region of the receptor protein. Intriguingly, it is also the AF-2 region of ER that undergoes a marked shift in conformation in an ER-antiestrogen complex (19) .
To investigate this possible recruitment of a repressor protein, we utilized a two-hybrid screening in yeast (20) , from which we have identified a protein, denoted repressor of estrogen receptor activity (REA), that interacts preferentially with the dominant negative ER and with the antiestrogenliganded ER. In this report, we show that this protein markedly represses ER transcriptional activity, but not that of other steroid and nonsteroid nuclear receptors, and that it selectively potentiates the inhibitory effectiveness of the antiestrogenoccupied ER and the dominant negative ER complex. ¶ ing the REA cDNA from the pT7T3D-PAC vector by XhoI͞ NotI digest. The insert then was blunted and subcloned into SalI͞SmaI-digested and blunted CMV5. The pCMV5 expression vector for the wild-type human ER (WT-ER␣), the dominant negative ER L540Q (9, 11) , human ER␤ (530 residues) (21, 22) , and human progesterone receptor, pCMV5-PR B (23), have been described. The expression vectors pRSV-RAR␣ and pBK-CMV-SRC-1 (15), pCMV-androgen receptor, and human thyroid receptor ␤1 were obtained from Ron Evans (Salk Institute, La Jolla, CA), Bert O'Malley (Baylor College of Medicine, Houston), Michael McPhaul (Southwestern Medical School, Dallas), and William Chin (Harvard Medical School, Boston).
The estrogen response element (ERE)-containing reporters (ERE) 2 -TATA-chloramphenicol acetyltransferase (CAT) and (ERE) 2 -pS2-CAT, and the CMV-ERE-CAT promoter interference plasmids have been described previously (11, 24) . Mouse mammary tumor virus (MMTV-CAT) was obtained from Steven Nordeen (University of Colorado Medical Center, Denver). SV-DR5-CAT, the retinoic acid receptor (RAR)-responsive reporter, was obtained from Ronald Evans. G5-E1b-CAT reporter construct containing the Gal4 upstream activating sequences (UAS) was obtained from Michael Green (University of Massachusetts, Worcester, MA). The plasmids pCH110 (Pharmacia) and pCMV␤ (CLONTECH) were used as ␤-galactosidase internal controls for transfection efficiency, and all CAT activity measurements were corrected for ␤-galactosidase activity (11, 18) .
To make truncated REA constructs, deletions of the REA ORF were generated by PCR using the full-length REA plasmid, pCMV-REA, as template. Reactions with constructed forward and reverse PCR primers were performed by using VENT DNA polymerase from New England Biolabs. Each forward primer contained an ATG and identical Kozac sequence, and each reverse primer contained a stop codon. PCR fragments were purified, digested with EcoRI and XbaI, and cloned into the EcoRI͞XbaI sites of pCMV5.
cDNA Library Construction. cDNA was prepared from MCF-7 cells and ligated into the HybriZAP vector (Stratagene) to generate a primary library. This library was amplified and converted by in vivo excision to a pAD-GAL4 phagemid library. The average insert size in the phagemid library is 1.4 kb.
Yeast Two-Hybrid Screening. The yeast strain YRG2 (Stratagene) containing pBD-GAL-EF (wild type or L540Q, amino acids 313-595) was transformed with the human MCF-7 cDNA library in pAD-GAL4 and plated on medium lacking histidine and supplemented with 10 Ϫ5 M TOT. HIS3 ϩ colonies were measured for ␤-galactosidase activity by using the filter-lift assay (25) . HIS3 ϩ colonies exhibiting high ␤-galactosidase activity (LacZ ϩ colonies) were characterized further. To recover library plasmids, total DNA from HIS3 ϩ , LacZ ϩ colonies was isolated and used to transform Escherichia coli (XLI-Blu MRFЈ strain from Stratagene). To ensure that the correct cDNAs were identified, as well as to establish liganddependent interaction of promising clones with the ER, library plasmids isolated were transformed into YRG2 containing pBD-GAL-EF and plated into medium lacking histidine and supplemented with control vehicle, estradiol (10 Ϫ5 M), or TOT (10 Ϫ5 M). ␤-Galactosidase activity was determined from HIS3 ϩ colonies by using both the filter-lift assay or liquid assay (25) .
Cell Culture and Transfection. MCF-7 human breast cancer cells, Chinese hamster ovary (CHO) cells, and MDA-MB-231 human breast cancer cells were maintained in cell culture and transfected by the CaPO 4 coprecipitation method exactly as described previously (11, 26) . CHO cells were plated at 1.8 ϫ 10 5 per 60-mm plate and transfected 48 h later with 2 g (ERE) 2 -TATA-CAT, 0.4 g pCH110, 5 ng pCMV5-ER expression vector, and carrier DNA to 8 g total DNA per plate.
MDA-MB-231 cells in 100-mm dishes were transfected with 6 g of the ERE-containing reporter construct [(ERE) 2 -pS2-CAT], 100 ng CMV5-ER expression vector, 1 g pCMV␤, ␤-galactosidase internal control plasmid, and carrier DNA to adjust total DNA to 15 g. Cells were harvested 24 h after hormone treatment, and cell extracts were prepared. ␤-Galactosidase activity, which was measured to normalize for transfection efficiency, and CAT activity were assayed as described (11) .
In Vitro Translation. In vitro translation of REA, ER, or other receptors was performed (18) by using the Promega TNT kit.
In Vitro Interaction Assays. Five hundred micrograms of E. coli bacterial crude extract containing glutathione Stransferase (GST)-ER hormone-binding domain (amino acids 282-595) or GST-REA fusion proteins was incubated at 4°C with 25 l of glutathione-Sepharose beads (50% slurry; Pharmacia) for 2.5 h as described (18) with minor modifications. After two washes with 1 ml NET (20 mM Tris, pH 7.9͞100 mM NaCl͞1 mM EDTA͞0.5% Nonidet P-40͞0.5% milk) and two washes with 1 ml binding buffer (20 mM Hepes, pH 7.9͞10% vol/vol glycerol͞60 mM NaCl͞1 mM DTT͞6 mM MgCl 2 ͞1 mM EDTA), the beads were incubated with 5 l of in vitro translated product for 2.5 h at 4 C. The beads then were washed three times with 1 ml NET and two times with 1 ml binding buffer. After washing, bound protein was eluted with 10 mM reduced glutathione in 50 mM Tris⅐HCl, pH 8.0, and boiled in SDS sample buffer. One-fourth of each protein sample was analyzed by SDS͞PAGE. The gel was dried, and [ 35 S]methionine-radiolabeled protein was detected by autoradiography.
RESULTS

REA Interacts with the ER in the Yeast Two-Hybrid System.
To identify potential repressors of the estrogen receptor, we used the C-terminal E-F domains of the dominant negative ER L540Q as bait in two-hybrid screening in yeast to identify clones from an MCF-7 breast cancer cell cDNA library that express protein(s) that interacts with the mutated AF-2 domain of the dominant negative ER.
A cDNA library from MCF-7 breast cancer cells was constructed and introduced as a translational fusion with the GAL4 transactivating domain [GAL(AD)-cDNA] into the YRG2 yeast strain. This yeast strain contains two reporter genes, a histidine auxotrophic marker (HIS3) and a LacZ reporter gene, under the control of the GAL4 UAS (UAS GAL4 ). A plasmid encoding a chimeric protein consisting of the GAL4 DNA-binding domain (DBD) and the ER activation domain 2 with a mutation at amino acid 540, GAL(DBD)-ER (EF L540Q ), was used as the bait for interacting clones.
ER-interacting clones were identified by their ability to activate reporter constructs containing the UAS GAL4 when cotransformed with GAL(DBD)-ER (EF L540Q ) and then were isolated from HIS ϩ clones or clones that showed increased transcription from the LacZ reporter gene (LacZ ϩ ). The transformed YRG2 yeast cells were selected for growth on plates in the presence of estradiol or the antiestrogen TOT.
In this way, we isolated a clone, which we named REA. The interaction of REA with the ER fusion protein was confirmed by backcrossing. The interaction was found to be liganddependent, in that the activation of transcription from LacZ or HIS3 reporter genes was observed only in the presence of antiestrogen or estradiol, and it occurred preferentially in the presence of antiestrogen.
The REA insert in GAL(AD) was sequenced, and this sequence (Ϸ700 bp from the 3Ј and coding regions) was compared with the gene databank by using the BLAST search program. An expressed sequence tag clone, which contains a larger fragment of the REA cDNA, was identified and ob-tained from the IMAGE Consortium. Sequence analysis of this 1,500-bp cDNA clone indicated an ORF of 897 bp (299 aa; Fig.  1 ). The clone shares nearly complete identity (99%) with the gene for a murine protein named B cell receptor-associated protein (BAP-37), a soluble protein originally isolated through its physical association with the B lymphocyte IgM antigen receptor (27) .
REA Enhances the Potency of Dominant Negative ER and Antiestrogens as Suppressors of ER Activity. As shown in Fig.  2A , REA markedly potentiated the inhibitory effectiveness of the dominant negative L540Q ER. For these experiments, wild-type ER was expressed in CHO cells with increasing amounts of the dominant negative ER in the presence or absence of REA. A low concentration of REA (10 ng expression plasmid) reduced by 4-fold the amount of dominant negative ER required to suppress 50% of wild-type ER activity. Similar effects of REA were observed with the S554fs dominant negative ER (data not presented). As shown in Fig.  2 B and C, REA also markedly potentiated the inhibitory activity of antiestrogens. Intriguingly, REA resulted in a 50-fold increase in the inhibitory potency of the antiestrogen TOT and the antiestrogen ICI182,780 (ICI). Thus, 50-fold less antiestrogen is needed for equal inhibitory effectiveness in the presence of low amounts of REA.
The amounts of REA that elicited this marked enhancement of L540Q ER dominant negative effectiveness and suppression by antiestrogens caused little, if any, decrease in activity of the wild-type ER (see zero point values in Fig. 2 A, B, or C) , indicating that the potentiation of inhibitory activity of the dominant negative ER or antiestrogen-liganded ER cannot be attributed to a decrease in the activity of the wild-type ER alone. The data in Fig. 2D show that REA did not enhance the suppressive effects of antiprogestin on progesterone receptor (PR) transcriptional activity, suggesting that the effects of REA are selective for the ER.
REA Is an ER-Selective Coregulator; Mapping of the Regions of REA Required for Repression. Transcriptional activity experiments shown in Fig. 3 indicate that REA is an ERselective coregulator. When the estrogen responsive (ERE) 2 -TATA-CAT reporter gene construct was transfected into ER-negative CHO cells along with an expression vector for ER␣ or ER␤, addition of estradiol resulted in a 26-or 11-fold increase, respectively, in ER transcriptional activity. When REA and the ER were coexpressed, transcriptional activation by the ER was suppressed in a dose-dependent fashion by REA (Fig. 3 A and B) . REA had no effect on reporter activity in the absence of liganded ER (data not shown). REA-mediated repression of ER transcriptional activity also was observed in other cells, including MDA-MB-231 breast cancer cells, and in the context of another promoter-reporter construct, (ERE) 2 -pS2-CAT, indicating that REA does not appear to be a cell-or promoter-specific repressor (Fig. 3C) .
In contrast to what was observed with ER␣ and ER␤, REA had little or no effect on the transcriptional activity of other hormone receptors, including PR (Fig. 3D) , RAR (Fig. 3E) , and androgen or thyroid hormone receptors (data not shown), and it had no effect on the transcriptional activity of an unrelated transcriptional activator, Gal4-VP16 (Fig. 3F) , even when amounts of REA much greater than those giving nearly full inhibition of ER activity were used in the same cells (Figs.  3 A and B) .
To map the region(s) of REA required for ER repression, amino-and carboxyl-terminal truncations of REA were generated. As shown in Fig. 4 , deletion of the first 18 or the last 125 aa from REA had almost no effect of repression of ER activity. However, further N-terminal deletion to amino acid 49 or C-terminal deletion to amino acid 150 resulted in 
REA Interacts Directly with ER in in Vitro
GST ''PullDown'' Assays. The interaction between REA and ER was verified in vitro by using a protein-protein interaction assay in which the affinity matrix was a GST fusion protein with ER. In vitro transcribed and translated [ 35 S]REA was retained by the GST-ER affinity column in the presence of TOT or estradiol (Fig. 5, T and E, respectively) . REA was not retained on the GST column without ER (or with GST alone). Likewise, REA did not interact with the ligand-binding domain of human PR-B (GST-PR) in the presence or absence of ligand (data not presented). We compared the interaction of wildtype ER and the L540Q mutant ER with REA in GST pull-down assays wherein GST was fused to REA (GST-REA). As shown in Fig. 5 , higher levels of the dominant negative L540Q ER were retained on the GST-REA column when compared with the wild-type ER, and the interaction with both receptors was increased greatly by hormone [estradiol (E 2 ); or TOT, not shown]. Receptor Coactivator 1 (SRC-1) for Modulation of ER Transcriptional Activity. We examined the ability of the ER to bind to ERE DNA, as tested in vivo in intact cells by using a promoter interference assay (24) or in vitro in gel mobility-shift assays (24) and found that REA did not reduce ER DNAbinding activity (data not shown). We therefore determined whether REA affects steps subsequent to DNA binding in the ER response pathway, such as the functional interaction of the ER with necessary adapter or coactivator proteins. As expected (15, 28) , the coactivator SRC-1 enhanced the estradiolmediated transcriptional activity of ER up to 4-to 5-fold (Fig.  6) . Coexpression of REA suppressed the enhancement of ER transcriptional activity by SRC-1 very effectively, and it did so in a concentration-dependent manner (Fig. 6) , implying mutual functional competition between these two coregulatory proteins. FIG. 4 . Mapping the regions of REA required for repression of ER activity. The regions of REA required for repression of ER activity were monitored by using the N-and C-terminal truncated REAs indicated. Repressive activity was monitored by the ability of the cotransfected REA to repress ER-stimulated transcription as measured by CAT assay from the estrogen-responsive reporter (ERE)2-pS2-CAT. MDA-MB-231 human breast cancer cells were cotransfected with 100 ng pCMV-ER␣, 500 ng of pCMV-REA construct, and internal control ␤-galactosidase plasmid. Cells were treated with 10 Ϫ8 M E2 for 24 h. The level of repression of ER activity by full-length REA is set at 100%. The effectiveness of the truncated forms of REA in repressing ER activity is listed as a percentage of full-length REA. Values are the means Ϯ SD of three to eight determinations. REA (1-226) was found to suppress ER activity to the same level as full-length REA when higher amounts of REA (1-226) expression plasmid were utilized. 1 and 2) or wild-type ER (lanes 3 and 4) were incubated with GST-REA (REA bound to GST-Sepharose beads) in the presence of control vehicle (Ϫ) or estradiol (E). Bound protein was eluted and analyzed by 12.5% SDS͞PAGE. Typically, 12-15% of input-radiolabeled wild-type ER was bound to GST-REA in the presence of ligand. The numbers at the right indicate molecular size markers in kDa.
REA Does Not Interfere with the Ability of ER to Bind to ERE DNA, but Does Compete with the Coactivator Steroid
DISCUSSION
Using a dominant negative ER as a bait for interaction with other protein factors, we have identified an ER-selective coregulator protein. This repressor of ER activity, REA, markedly potentiates the inhibitory effectiveness of dominant negative ERs as well as the inhibitory activity of antiestrogens. Our experiments show that there is a direct interaction of REA with ER and that this interaction is ligand-dependent and is observed preferentially with the dominant negative ER and with the antiestrogen-liganded ER. Interestingly, REA enhances antiestrogen and dominant negative ER potency at concentrations that are lower than those at which it suppresses estradiol-ER activity. At higher concentrations of REA, where estradiol-stimulated activity of the wild-type ER is suppressed, similar efficacy of REA is observed with ER␣ and ER␤. Mapping experiments indicate the involvement of two regions of REA in ER repression.
Of note, we observed mutual functional competition between REA and the steroid receptor coactivator SRC-1, suggesting that these proteins compete for modulation of ER biological activity. That REA may function as an anticoactivator is consistent with our observations that REA does not have intrinsic transcription-repression activity. Even very high amounts of a Gal4 DBD-REA fusion protein (up to 30 g plasmid transfected) failed to repress activity of a (Gal4) 5 -SV40-Luc reporter in transfection experiments conducted in MDA-MB-231 breast cancer or 293T cells (data not shown). Repression of ER activity by REA thus is likely to involve competition with coactivators for interaction with ER. It is known that SRC-1 binds to the AF-2 region of nuclear receptors (2, 15, 18) , and our yeast two-hybrid screening pulled out REA by using the portion of the ER encompassing AF-2. The observation that the L540Q dominant negative ER shows preferential interaction with REA is consistent with this hypothesis, because we find that this dominant negative ER fails to interact with coactivators such as SRC-1 (G. Lazennec, T. Ediger, D. Schodin, and B.S.K., unpublished data). Also, REA does not interfere with the ability of ER to bind to ERE-containing DNA in intact cells, implying that it does not act at this point in the ER-response pathway, nor does it act by keeping the ER out of the nucleus.
In Fig. 7 , we present a working model for REA potentiation of antiestrogen inhibitory effectiveness and for repression of ER activity. This model predicts that the cellular level of REA will be an important determinant of the effectiveness (potency) of antiestrogens in inhibiting estrogen activity. In cells with no or low levels of REA, estradiol will effectively activate ER-mediated transcription and antiestrogens will suppress estrogen action, whereas at high cellular levels of REA, antiestrogen potency will be enhanced markedly, resulting in a much greater inhibitory effectiveness of low concentrations of antiestrogen. With high levels of REA, estradiol-occupied ERs also will have their stimulatory effectiveness suppressed, thereby further reducing estrogen activity in cells. REA thus sensitizes cells to the antagonist activity of antiestrogens over a concentration range where it has minimal effect on desensitizing cells to estrogens, but at high levels, reduced response to estradiol also would be expected.
REA bears no structural resemblance to three known corepressors of the nuclear receptor subfamily of nonsteroid hormone receptors, namely N-CoR, SMRT, and SUN-CoR (29) (30) (31) (32) (33) , and as opposed to these corepressors, which interact with thyroid hormone or RARs, REA shows great selectivity for estrogen receptors. A major difference between REA and N-CoR͞SMRT and SUN-CoR is that REA interacts preferentially with a liganded ER, whereas SMRT, N-CoR, and SUN-CoR interact with an unliganded receptor and dissociate from the receptor upon ligand binding. Thus, repressor interaction with unliganded thyroid receptor or RAR correlates well with the repressive activity of thyroid receptor or RAR in the absence of their ligand. In contrast, the ER when unliganded is inactive and does not have repressive activity; repression through ER requires that ER bind an antagonist ligand, which, with wild-type ER, is an antiestrogen but, with a dominant negative ER, may be an estrogen. Although SMRT and N-CoR have been shown to suppress the agonistic activity of the tamoxifen-occupied ER (34), these corepressors do not enhance the inhibitory effectiveness of antiestrogens, nor do they alter the activity of the estrogen-liganded ER.
Of note, human REA shows near identity with a soluble murine B cell receptor-associated protein named BAP-37. Although first identified (27, 35) in B cells, BAP-37 also was shown to be present in other cells and tissues examined, clearly indicating that it functions in cells that do not contain the B cell receptor, although its activities have not been characterized (27) . Its role in inhibiting activity of the ER is an example of the increasingly common theme in functional genomics of new functions for previously known proteins. The human ortholog of BAP-37 recently has been localized on chromosome 12 (36) . Intriguingly, BAP-37 is related to prohibitin (49% amino acid identity), a highly conserved protein that is reported to play roles in diverse processes, including development, tumor suppression, and senescence (37) (38) (39) (40) (41) (42) (43) .
REA represents an example of a protein that enhances the potency of two inhibitors of ER action, antiestrogens and dominant negative ERs, implying that interaction with REA may represent an important point of convergence in the mechanism of action pathway through which these two factors function. The activities of REA suggest that it may play an important role in determining the sensitivity of estrogen target cells, including breast cancer cells, to antiestrogens and estrogens.
